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Group 4 of ME 4182 undertook the task of designing a lunar 
soil excavation system. The group decided that two different 
mechanisms would be necessary to perform the various 
excavation tasks. One mechanism is used for digging into the 
surface and the other is used for scraping up layers of the 
surface. The proposed system will fulfill the expected 
excavation requirements for NASA's plans. 
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Group 4 of M.E. 4182 undertook the task of designing a 

lunar soil excavation system. The design has to meet the 

constraints of a harsh lunar environment, limited available 

power, and high transportation costs to the moon. The group 

decided that two different mechanisms would be needed to 

perform the various excavation tasks. One mechanism is used 

for digging into the surface and the other is used for mining 

shallow layers of the surface. The moonls gravity is only 

one-sixth of the earth's gravity. This fact hampers the use 

of weight dependant traction which is used on the earth. To 

alleviate this problem both designs used the equal and 

opposite force principle. 

2. EXISTING EQUIPMENT 

Several factors involving the lunar environment, reduced 

gravitational field (weight and traction) and abrasive soil, 

limit the use of conventional earth-moving equipment for moon 

excavation. However, several existing design ideas could be 

incorporated on lunar equipment. In our research of heavy 

digging equipment; backhoes, clamshells, and tree spades were 

investigated. 

Back hoes and similar equipment offer a variety of soil 

manipulating capabilities. The hoe is ideally suited f o r  

ditch or trench excavation. Utilizing the two piece boom at 

angles close to ninety degrees, the backhoe operates most 

efficiently to scoop and move soil or flatten existing piles 
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with the blade. Calculation of these cycle times takes into 

account total load, lift, swing, dump, return, and 

acceleration times for an average figure of 38  seconds(1). 

Clamshells are primarily suited for vertical work with 

loose materials. They are attractive devices primarily due to 

the direct opposed balance of forces. Utilizing localized 

opposing forces on a digging implement would help to reduce 

the dependance on traction for the lunar vehicle. Because 

clamshells are loose swinging devices, cycle times are higher 

than for fixed boom equipment due to the distinct acceleration 

and deceleration phases(1). A tree spade is an attractive 

device for lunar soil moving applications. The draughting 

forces associated with the clamshells are reduced, while 

maintaining locally opposed forces for penetrating blades into 

the soil. This could possibly reduce the dependance on 

traction even further. 

In research of strip mining equipment, paddle wheel 

loaders, force feed loaders, augers, and plows were 

investigated. Paddle wheel loaders consist of front mounted 

plowshares that funnel loose soil or other materials towards a 

collecting area where paddle wheels scoop the material to a 

conveyor. Force feed loaders consist of a blade that is 

forced through the soil to strip off a layer for 

collection(1). Conveyors are used to transport the soil to 

collection bins. In a lunar environment, both the paddle 

wheel and force feed design ideas could work with the aid of 

tractive forces. 

2 
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Since gravitational forces are reduced by a factor of 

six on the moon, obtaining necessary traction for soil moving 

activities becomes a problem. For this reason, augers and 

plows were investigated for their anchoring potential. Augers 

have the ability to ffself-startff into the soil and eventually 

lock into the surface. Plows self-start into the soil and 

utilize soil weight and draught to provide resistance. 

However, both systems would reduce the mobility of the device. 

The machine would need to stop and re-anchor every time it 

moved. 

The lunar environment and soil characteristics will 

impose extra demands on excavation equipment. Actuation 

systems used on digging or mining implements must be able to 

efficiently and reliably operate under extreme wear conditions 

such as electrostatic grit, temperature extremes, and vacuum 

environments. For these reasons, hydraulic and electro- 

lnechanical actuation systems were investigated. Advantages of 

the hydraulic systems include high mechanical efficiency, 

quick response times, and accuracy. Some of the disadvantages 

include a large number of working parts and questionable 

reliability of system components such as seals and fluids. 

Electro-mechanical actuation systems have fewer working 

parts than do hydraulic systems. Since fluids and seals are 

not critical system components, reliability of the system is 

better.However, mechanical efficiency is usually lower for 

devices such as power screws. Also, response times and 

accuracy suffer with electro-mechanical actuators due to 

3 
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inertia effects. 

This research into existing types of earthmoving 

equipment pinpointed several design ideas that were used as a 

basis for synthesis of the lunar excavation systems, heavy 

digging and strip mining machines. 

3. BACKGROUNJ3 OF INTERAerION WITH THE MOON'S SURFACE 

Much data about the physical characteristics and 

mechanical properties of the lunar soil was obtained during 

the Apollo 14 and 15 missions. Experiments revealing particle 

size and shape, and soil density, strength, and 

compressibility provided valuable information for future lunar 

exploration. 

The Apollo 14 voyage provided valuable information about 

lunar soil through three experiments. Three core samples were 

taken, three Penetrometer tests were performed, and a small 

trench was dug. 

Core samples varied from 7 to 32 cm. in depth. The 

density of the soil from the samples ranged from 1.45 to 1.60 

g/cm3. An analysis of the sample also showed an increasing 

grain size with the soil depth. 

The penetrometer contained a 68 cm. long aluminum shaft 

.95 cm. in diameter with a 30 degree apex tip. The test 

consisted of two stages. First, the astronaut pushed the 

penetrometer with one hand (71 to 134 N.). In the second 

step, he pushed with two hands (134 to 223 N.). Forces 

required to insert the penetrometer in the soil are a function 

4 
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of soil strength, density, land compressibility and of 

friction between the soil and penetrometer. A general formula 

for resistance to penetration is 

F = FS + FP 
where FS is the skin friction and FP is the point resistance. 

FS can be considered negligible compared to FP. During the 

test, the astronaut was able to push the penetrometer an 

average of 45 cm. with one hand and 86 cm. with two hands. 

The trench dug during Apollo 14 was done by Astronaut 

Shepard. Using a tool similar to a back hoe, he attempted to 

dig a trench 60 cm. deep with vertical walls. His first cut 

was about 15 cm. deep with a 70 or 80 degree vertical wall. 

During later cuts, he was only able to keep the wall at about 

60 degrees. Shepard reported the digging to be relatively 

easy. The final trench was approximately 25 to 36 cm. deep 

with wall angles of 65 to 80 degrees. Three layers of soil 

were found during the dig. layer. 

Grain size increased with depth just as it did with the core 

tube samples. 

The color varied with each 

The Apollo 15 soil-mechanics experiment was especially 

informative for several reasons. Not only was the Apollo 15 

voyage longer than previous lunar voyages, but the mission 

used several new experimental devices. The lunar roving 

vehicle made travel from the lunar module much easier. 

Analysis of the rover-soil interaction can be applied to the 

lunar excavation vehicle. The use of a self-recording 

penetrometer and improved thin wall core tubes provided 

5 
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valuable information on mechanical and physical properties 

lunar soil. 

of 

Fully loaded and carrying two crewmen, the rover vehicle 

weighed 1160 N. on the moon. Considering an average load of 

290 N. per wheel, each wheel's unit pressure would be . 7  

N/cm . The wheels, each powered by an electric motor, had 

piano-wire mesh tires with a chevron tread covering 50% of the 

lunar surface contact area. The wheels were 81.5 cm. in 

diameter and 23.2 cm. in width. The performance of the lunar 

rover's wire-mesh tires was excellent. The only sources of 

analysis for the vehicle's performance were crew descriptions, 

photography, and odometer or speedometer measurements. Even 

with the vehicle's light weight per wheel (290 N.), the 

chevron covered wire-mesh wheels had little slippage. The 

average wheel sinkage into the lunar soil was 1.25 cm. 

Sinkage increased upwards to 5 cm. on small craters. The 

astronauts reported no difficulties driving the vehicle on 

slopes, although the maximum slope traversed was only 12 

degrees. The vehicle performed better going up a slope than 

it did going down a slope. The overall performance of the 

vehicle was excellent, and a similar mechanism for 

transporting the excavation vehicle was studied. 

2 

The self-recording penetrometer results of Apollo 15 

were more accurate than the results of Apollo 14. This 

accuracy was improved due to the devices ability to measure 

the forces applied up to 111 N. Results of tests made with a 

3.22 cm2 base area, 30 degree apex cone showed the average 
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penetration at 34 N/cm2 to be approximately 8 cm. 

internal friction was estimated to be 49.5 degrees. 

An angle of 

The results of these tests by Apollo 14 and Apollo 15 

were helpful for two reasons. First, they found accurate 

values for physical characteristics and mechanical properties 

of lunar soil. Second, the descriptions of the experiments 

and the lunar rover's interaction with the soil gave the group 

a better understanding of a lunar environment, one very 

different from the environment on earth. 

4. S O I L  MECHANICS 

4.1 Lunar Soil Characteristics. !'The lunar soil is generally 

composed of particles in the silty-fine-sand range and the 

material possesses a small cohesion and friction angle 

estimated to be 35 to 40° (3). This description of the 

lunar soil is one of the more important pieces of 

information regarding this project. The internal angle of 

friction is roughly equal to the angle of repose of a 

soil. This is the slope a loose volume of soil will 

attain when released, and corresponds to the most extreme 

volume of digging which would need to be done on the lunar 

surface. 

The density of the lunar soil is fairly consistent, 

being no greater than 2000 kg/m 3 The density of soils 

will increase with depth, but on the moon "the reduced 

gravity results in a less pronounced increase.Il The 

density of the soil did not increase appreciably to a 
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depth of 80 cm, which makes the computation of soil break- 

out forces easier (4). 

4.2 Shear Stress in Soi l .  The shear stress characteristics of 

soil can work both for and against the engineer working in 

the area of soil engagement. Working with the shear 

stress properties of soil is similar to working with 

hydrostatic pressure, as there is an increase in stress 

with an increase in depth that is in turn directly related 

to the force necessary to break a volume of soil out of 

the ground. This force of resistance also affects the 

traction of a vehicle that is engaging the soil. 

Shortcomings of this property include the fact that 

it takes more force to move a volume of soil than just 

working against the force of gravity. When digging, 

compensations must be made for this additional required 

force . 
This shear stress also has advantageous 

applications. In traction, the greater amount of shear 

stress the soil can resist, the more traction the vehicle 

will have. A higher stress is one factor which affects 

the penetrability of a soil It is necessary to take this 

into account when considering the bearing capacity of the 

soil. The higher the bearing capacity, the more support 

the soil affords. This is important for the support of 

machinery against the forces it applies. 

The most applicable exploitation of this property to 

our project is for anchoring purposes. The resistance to 
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force can be applied to augers which can be buried with 

less force than they will supply against vertical pulling. 

Plows or blades can be placed into the soil to resist 

horizontal forces. In these applications, high shear 

stresses are cdvantageous. 

A plot of shear stress versus normal stress was 

developed that had a sufficient range to cover all 

variations of soil properties as investigated on the moon 

by the Apollo missions (3). If the shear stress is 

plotted versus the normal stress, and this point is below 

the plotted line, there will be sufficient traction for 

the situation in question (APPENDIX 1). These Mohr's 

circle-type diagrams for soil failure are similar to those 

developed by experimentation in terrestrial soil mechanics 

( 5 )  ' 

4.3 Application Of Soil Characteristics To Hechanical Design. 

Predicting the performance of soil cutting blades is 

complex due to the difficulty in relating stress and 

strain in soil. Analytical and graphical methods have 

been used with varying degrees of correlation to 

experimental data. Therefore, to make the best 

approximations, cutting blades are made analogous to 

retaining walls and the theory of passive pressure is 

applied. the 

soil failure surface. Then the forces on the blade can be 

obtained rigorously. 

The key to accuracy is the assumed shape of 

9 
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Coulomb developed theories of soil cutting based on 

ideal dry sand and did not take into account the effects 

of cohesion and adhesion. He stated that if the shape of 

the failed soil surface is known, its location can be 

determined. This statement proved to be very useful in 

later studies, however, Coulombls assumed failure shape (a 

straight line) proved to be inaccurate. Observation of 

failure surfaces in glass sided boxes revealed a curved 

profile and theoretical study of ideal materials predicted 

a surface composed of a logarithmic spiral and a straight 

line. 

Ohde developed a graphical method using the 

logarithmic spiral and the straight line. The general 

location of the spiral and line are shown in figure 1. To 

determine the actual location of the spiral and its 

intersection with the straight line, a trial and error 

method must be employed. By choosing several centers for 

the spiral, the analyst can determine the minimum blade 

force which represents the actual onset of failure. This 

graphical method is laborious and time consuming, 

results show good correlation with experimental data. 

but the 

To enhance the usefulness of the Ohde graphical 

method, M.S. Osman developed a computer program which 

would perform iterations choosing different spiral 

centers. Newton's interpolation formula at unequal 

intervals is used to determine the minimum value of blade 

force 

10 
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In addition, D. R. P. Hettiaratchi has developed 

an approximate method for calculating the soil resistance 

of buried structures. The force required to pull a blade 

through the soil is given by the general soil resistance 

equation: 

where KU,qa, and %are non-dimensional soil resistance 

coefficients. These coefficients are a function of 

cohesion, surcharge pressure, soil density, vertical reach 

of the blade, adhesion, imbedment ratio, and the soil 

friction angle. For simplicity, the last term in equation 

(1) can be omitted by neglecting the influence of the 

uniform surcharge pressure q acting on the soil surface. 

The cohesion (c) of the lunar soil is very low 

(between .05 psi and .20 psi) which aids in the analysis 

of soil resistance. The second term in equation (1) is 

due to cohesion and may also be omitted for simplicity. 

Mr. Hettiaratchi's analysis assumes a failure 

surface that can be approximated by a logarithmic spiral 

with the center at the top edge of the cutting blade. 

Figure 2 shows the two-dimensional view of the assumed 

failure surface. The failure area is divided into three 

zones for the sake of analysis: the "interface zonell 

(OIJ) , the "transition zonev1 (OJL) , and the Ilmodified 

Rankine zone1* (OLMN). We are concerned only with passive 

11 
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soil resistance pressure because the boundary forces 

oppose the movement of the cutting blade. Finally, a 

chart solution was developed based on the retaining wall 

theory and was used in this project due to simplicity of 

application. The chart in Figure 3 relates the 

coefficient of passive pressure (K ) to the internal angle 

of friction and rake angle. The coefficient of passive 

pressure is used to calculate the passive soil resistance 

in the following equation: 

K, HL 
P =  2 

.. This force analysis leads directly to the calculation of 

the power required for the lunar surface miner. 

5. ANALYSIS OF PROPOSALS 

5.1 Production Requirements. All presently foreseeable needs 

for moving lunar material include: 

-Digging holes to place living capsules 

-Moving soil to bury capsules 

-Collection of soil to beneficate for metals, 

silicates, and oxygen 

-Continuous collection for filling sandbags for 

structural support 

As stated in the introduction, two separate vehicles 

could best fulfill these requirements; one would require 

little traction for movement of large volumes of soil in a 
1 
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specified area (diggers), and the other would strip mine 

continuously as it moved (miner). 

An immediate application of a lunar digger would be 

excavating a hole for a living capsule. To dig a hole to 

bury half of a 14'x 4 5 '  capsule would require the movement 

of 6,027 cubic feet of soil. To bury it back under a 

depth of 6 feet of soil would require piling back on top 

of the capsule 15,396 cubic feet (APPENDIX 2). 

The displacement of soil should be done with an 

automated system that could prepare the site prior to the 

arrival of astronauts on the lunar surface. The placement 

and burial of the living capsules could then take place 

under direct supervision of the astronauts. 

The production rate the mining vehicle designers had 

to keep in mind included the soil needed to beneficate 

1000 metric tons of oxygen per year and to produce the 

materials to construct buildings on the lunar surface, a 

figure learned from Barny Roberts at NASA. The amount of 

soil that needs to be collected to produce the necessary 

oxygen would be 3285 cubic meters (APPENDIX 3). Other 

annual soil production requirements would include the 

collection of soil for use as a structural element in 

lunar habitats. 

I 

5 .2  DEVEIBPMENT OF DESIGN 

5.2.1 D i g g e r .  The development of the digging apparatus 

followed a natural progression of designs based upon 

13 
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the essential parameter that the operation of 

digging must not cause the displacement of the 

vehicle. The one-sixth gravity of the moon affords 

little normal force to any object on its surface. 

The first design idea began with a vehicle 

having front-to-back or side-to-side scoops, 

utilizing opposing forces. Difficulties with this 

design include overcoming a situation where one arm 

became stuck or could not penetrate the surface of 

the soil. 

A second idea, based on anchoring involved 

using augers which would be fixed on the 

undercarriage of the vehicle at opposing 45 degree 

angles. These screws would dig into the soil, 

providing a force against which the digging bucket 

could pull. Set at opposing angles, the horizontal 

force of the augers would work against each other, 

rather than against the traction of the vehicle. In 

addition to problems with soil homogeneity and 

buried rocks, the resisting force of an augur buried 

in lunar soil, according to equations suggested by 

the Civil Engineering department at Georgia Tech, 

would not be sufficient compared to the power 

required to bury the blades [APPENDIX 4 1 .  

Since anchoring the vehicle limits its range 

of operation, a variation of the fire-plow proposal 

became one of the final ideas in this line of 

14 
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thinking. A vehicle with a bucket arm in front and 

two fire-plows set at 45 degree angles from the 

center the vehicle to the rear would be able to 

dig. If any of the vehicle's traction were lost, 

the pulling forward of the vehicle would cause the 

fire-plows dragging behind to bury themselves. As 

long as the area of the plows in contact with the 

soil was greater than the area of the bucket 

engaging the soil, the resistance to force provided 

by the plows would be greater than the digging force 

of the bucket [figure 4 1 .  The vehicle could back-up 

while lifting the plows to disengage them from the 

soil. 

of 

The other design development originated from 

the idea of a bucket that would require no opposing 

forces from the vehicle. Initially a clamshell 

design was proposed. The clamshell was simple and 

proven, but it had the disadvantage of requiring a 

large initial contact area. Thus, it would need a 

significant downward force to penetrate the blades. 

Therefore, we proposed a multi-blade system, 

similar to a tree spade. As with most tree spades, 

we used a four-blade design,allowing for small 

initial contact areas with four points realizing 

high starting pressures. This allows the bucket to 

almost self-start with minimal initial downward 

force . 
15 
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It soon became apparent that the four-blade 

design would be fairly complex, requiring a large 

number of linkage components for actuation. 

Therefore, a three-blade version was analyzed and 

found to be sufficient. Originally, a design with 

flat blades was considered, each driven along a 

plane into the ground. This configuration still 

allowed a small initial contact area, and it allowed 

a simpler actuation technique. The blades were 

finally curved about the longitudinal axis to 

provide strength [APPENDIX 51.  The blades will also 

be individually actuated and monitored to prevent 

breakage and to allow for the possibility of closing 

around a rock. This rock lifting capability is an 

advantage the other proposals did not possess. 

It was decided to use two of the three-spade 

buckets mounted on separate arms. This would allow 

flexibility in digging arrangements, provide the 

opportunity to plant one bucket to free the other, 

and to allow forthe continuation of excavation in 

the event one bucket was damaged. 

The blade actuators posed a geometrical 

problem in that they restricted digging 

arrangentents. They could not clear the soil in 

certain configurations. Thus, we sought alternative 

methods of retracting the blades which include 

rotating the blades upon entry, bringing the blades 

16 
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to be rolled-up upon retraction, and curving the 

blades about the transverse axis. It was finally 

decided to leave the actuators protruding to allow 

for a more simplified design. 

Since hydraulic power is utilized on earth- 

moving equipment, high flying aircraft, and even the 

space shuttle, the possibilities of using this type 

of power for component actuation were investigated. 

To manipulate the digging implement, several 

hydraulic actuators would be employed. Hydraulic 

cylinders would be used to penetrate blades into the 

soil. Also, cylinders would be used to control the 

position of the boom and digging unit. A system of 

this type would be comprised of motors, pumps, 

valves, cylinders, lines, and of course the working 

fluid. 

Before sizing these components, many design 

questions had to be answered. Could a working fluid 

be found that would withstand the temperature 

extremes of -140 degrees to +140 degrees Centigrade? 

Could seals be found that would withstand 

accelerated wear? 

, 

Hydraulic fluids covered under MIL-H-5606 

could withstand the hot extreme in temperature but 

would falter at the cold extreme. Fluids such as 

chlorotrifloroethylene have similar characteristics. 

A means of thermal protection would be required for 

17 
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system operation at low temperatures. 

Although extensive research has been done on 

suitable sealing materials, no particular type could 

be found that would withstand the extreme 

temperatures and wear conditions of the lunar 

surface(6) 

Typical operating pressures for onboard 

hydraulic systems of high flying aircraft and 

missiles range from about 425 to 650 kilopascals(7). 

Using these figures along with the penetrating force 

requirements of each blade on the digging system, 

sizing of the cylinders was accomplished. 

The horsepower requirements for this system 

were based on system pressures and typical flow 

rates for pumps used on tree spade machines 

(appendix 6) 

The figures calculated for cylinder size, 

are horsepower, and kilowatt requirements 

misleading. Although the figures are low, they do 

not take into account problems associated with the 

reliability of various system components. These 

problems have the effect of lowering the system 

efficiency. In addition, fast or extremely accurate 

operation, usually seen from hydraulics, is not a 

requirement. For these reasons, hydraulic actuation 

systems were eliminated as an alternative for power 

of the proposed digging implements. 

18 
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choices to these two final designs and had 

understood which actuators could not be used, direct 

comparison of the two was necessary to narrow the 
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proposal to one system. The decision was based on 

the factors weight, power, and operating 

versatility. 

Both of the arm/boom arrangements of the 

machines could be designed to have the necessary 

reach to excavate living areas on the lunar surface. 

The arm on the backhoe/fire-plow model had the 

disadvantage of needing more material to support the 

force necessary for digging with the tree spade 

apparatus. The forces working at the end of the 

tree spade boom include only the weight of the soil, 

about 500 N, the weight of the power screws and the 

spade blades themselves, another 1500 N, plus only 

about 50 N for the digging force itself [APPENDIX 

121. 

Power needed for the actual breaking into the 

soil will be about equal for each design. The 

backhoe/fire plow idea compensates for any lost 

vehicle traction due to the lunar soil. However, 

energy is lost in this process. 

Versatility of design was also a consideration 

in the decision between designs. The backhoe/fire- 

plow design is limited in that it is a fairly 

19 
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stationary method of excavation. The spade on a 

boom is translational to many different types of 

structures, rather than being the rigid, unvarying 

design of the backhoe/fire-plow. 

5.2.2 WINER. One of the functions of the lunar excavation 

vehicle is strip mining for the purpose of soil 

collection rather than manipulation. To design a 

mining system, proposals were made which took into 

account the lunar environment; special attention was 

given to the lack of gravity and therefore the lack 

of conventional traction. Other important 
considerations were weight due to the high cost of 

transportation from the earth; maneuverability with 

a single drive/digging system; and efficient 

collection without the unnecessary potential energy 

losses of dropping collected soil. Vehicles were 

proposed which used opposing motion blades or the 

addition of weight upon arrival to the moon. 

Finally, three were looked at in depth and various 

components were combined for the final proposed 

mining vehicle. 

A vehicle, shown in figure 5 ,  was proposed 

which used a track with blades to pull the soil 

towards a slightly submerged fixed blade. The fixed 

blade provided the dual function of lifting the soil 

to a collection bin and establishing a resisting 

force against which the track blades could pull. 

20 
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The track blades also carried the soil up the length 

of the fixed blades into the collection bin. 

A second idea is shown in figure 6. One 

cylinder is mounted on each side of the vehicle with 

the angle between the cylinder and the body of the 

vehicle variable. Each cylinder would have curved 

blades spaced such that the soil would be carried to 

the top of the rotation cycle and dropped into the 

center of the cylinder. Augers inside the cylinders 

would carry the soil to the center of the vehicle 

for collection. Figure 7 shows the side view of one 

of the cylinders. The angle of the two cylinders 

could be varied such that they work against each 

other for digging, and provide a component of force 

f o r  driving. The cylinders could also be raised in 

order to use the alternate drive system without 

digging. One problem with this idea is the 

relatively large force required to re-position the 

cylinders. Another problem is the loss of energy 

when the soil drops from the top of the cylinder to 

the auger bed. Also, the overall complexity of the 

vehicle caused us to search for a simpler design. 

A third idea (Figure 8 )  proposed a system which 

used counter rotating front and rear wheels to dig 

while providing opposing forces. A forward motion 

during digging would be obtained because of the 2 to 

1 ratio of front to rear digging forces 
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respectively. The front two front wheels were 

separated by a distance equal to the width of the 

single rear wheel which was located centrally so 

that a complete strip of soil would be mined. The 

rear wheel could be driven in the forward direction 

to cause the vehicle to drive instead of dig and 

could also steer for good maneuverability. A major 

flaw in this proposal was the problem of efficiently 

moving the soil from the cutting blades to a 

collection system. A throwing motion was proposed 

but the soil trajectory would be hard to control or 

predict. The idea of steering with the rear wheel 

was used in the final mining proposal, as was the 

general concept of a cutting wheel. However, 

another collection system and method of creating 

reaction forces was used. 

5 .3  DESIGN DETAILING FOR THE DIGGER 

5.3.1 POWER SCREWS. Power screws will be used to provide 

motion to operate the digging blades and the linear 

boom on the lunar excavator instead of hydraulics. 

Ball bearing screws are similar to power screws 

except that the friction between the screw and the 

nut is reduced by ball bearings. They have many 

advantages over hydraulics: 

1. Ball bearing screws are about 90 percent 
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efficient ( 8 , 9 ) .  This will reduce the amount 

of power needed for the digger. 

2. Conventional screws will work in 

temperatures as high as 149 degrees 

centigrade. This combined with the fact that 

they are highly efficient and therefor will 

produce very little heat, means they will not 

need to be cooled in the lunar environment. 

3. The ball bearing screws will not need high 

pressure seals as hydraulic cylinders do. The 

only protection from the environment they need 

is a bellows system to keep dust and dirt off 

the screw and nut. This could be made of a 

fabric similar to that found in space suits. 

Each screwwill be powered by a electric motor 

attached to the end of the screw. The power used by 

each motor will be monitored and kept below a preset 

value to prevent overloading of the beam or blade 

powered by the screw. Due to thermal contraction of 

close tolerance parts the screws would not work 

under the extremely cold conditions found on the 

moon. A ball bearing screw has been designed to 

work at temperatures as low as -30 degrees 

centigrade but, this same screw would not work at 
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room temperature due to thermal expansion (10). 

Research will need to be done to determine the best 

temperature range for a screw to be use on the moon. 

Resistance heaters could be employed to keep the 

screws above some minimum temperature. The screws 

would be lubricated with dry film lube or with MLF-5 

(11). On earth they can be used with no lubricant. 

On the moon, under a vacuum, the metal to metal 

contact would result in cold welding of the screw to 

the threaded rod(APPEND1CES 7 , 8 ) .  

5.3.2 MATERIALS. The materials used to design the 

excavation vehicle were an important consideration. 

Two prime factors were taken into consideration when 

choosing a material. First, the material should 

possess the mechanical properties necessary to 

withstand worst-case forces in a lunar environment. 

Secondly, the material should be as light as 

possible to keep earth-to-moon transportation costs 

down. NASA estimates the cost of transporting 

material to the moon is $15000 per pound. Taking 

these facts into consideration, various materials, 

most used in the aerospace industry, were studied. 

Different materials best suit each part of the 

excavation mechanism. The arm or boom of the spaded 

bucket requires high strength characteristics and 

low density. Several aluminum alloys provide the 

strengths necessary for the boom. These alloys are 
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extremely light compared to most steel alloys used 

in modern back hoe booms. After comparing the 

various aluminum alloys available, several types 

were not further considered for use. For instance, 

A1 7050 possessed good strength characteristics at 

room temperature, but these strengths were much less 

at 15OoC. One control on the design criteria is 

that the excavator works at temperatures between - 
150°C and +15OoC. Other aluminum alloys such as 

2124 and 2048 are only made in plates: consequently, 

only mechanical values for plates were available. 

The decision was narrowed to two alloys, A1 2024 and 

A1 2215. Both materials perform well at the 

temperature extremes. Type 2215 actually holds its 

mechanical properties up to 5OO0C, but its tensile 

properties were not as good as type 2024. Because 

of A1 2024's high tensile properties and ability to 

withstand the lunar envirqnment, it was chosen as 

the material for the spade bucket's arm. 

A1 2024 is a wrought aluminum alloy containing 

copper, magnesium, and manganese as hardeners. It 

is used in many aerospace structures due to its high 

strength, formability, machinability, and 
availability. This type alloy has a density of 2.77 

g/cm3 (.lo0 lb/in3). Various heat treatments of 

type 2024 produce desired mechanical 

characteristics. The basic temper designations 
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range from T3 to T8. T8 alloys are best suited for 

the mechanism's arm. T8 is a solution treated, cold 

worked, and artificially aged alloy. At room 

temperature, an A1 2024 tube with T8 temper and .05 

to .25 in wall thickness has a tensile yield 

strength of 56 ksi(APPEND1X 9). At low temperatures, 

this value is increased, while at high temperatures, 

the value slightly decreases. However, even at 

15OoC, the alloy's tensile yield strength is 50 ksi 

(APPENDIX 10). Properties of A1 2024 are available 

in the AerosDace Structural Metals Handbook. 

The choice of a material for the spade bucket, 

mining wheels, and mining blade was another 

consideration. This material will require greater 

strength and wear resistance due to its application. 

Weight is also a primary consideration. Titanium 

alloys provide strength comparable to steel alloys 

at half the weight. Of the titanium alloys 

considered, a decision was narrowed to two with 

desirable characteristics. Both Ti-6A1-4V and Ti- 

13V-llCr-3A1 have tensile yield strengths of 120 ksi 

at room temperature and both respond well at the 

temperature extremes. However, Ti-6A1-4V has higher 

fracture toughness qualities and was chosen as the 

appropriate material. The Ti-6A1-4V alloy is the 

most commonly used titanium alloy and has widespread 

availability in many forms. Two grades of this 

I 
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(extra low interstitial) grade. The ELI grade has a 

higher fracture toughness and is often used in 

cryogenic applications. This fracture toughness is 

very important due to the spade bucket and mining 

blade's particular application. Therefore, an ELI 

grade of Ti-6A1-4V best suits the mechanism. Values 

of charpy and notch tests show favorable 

characteristics of the titanium alloy, even at low 

temperatures. Properties of Ti-6A1-4V can be found 
1 

in 

Titanium Handbook. 

the AerosDace Structural Metals Handbook and the 

Annealing a Ti-6A1-4V alloy provides improved 

toughness although a small loss in strength. 

Several types of annealing processes are available. 

Beta annealing provides mechanical characteristics 

better than the conventional alpha-beta processing. 

Although beta annealing slightly lowers the yield 

strength, it improves the fracture toughness, the 

notched tensile toughness, and the creep strength. 
1 

The tensile yield strength of an annealed ELI grade 

alloy is 120 ksi for plate up to one inch 

thick ll). Ti-6A1-4V retains good tensile 

values over the temperature range experienced on the 

moon. The tensile yield strength varies from a 

maximum of 180 ksi at -3OOO F. to a minimum of 96 

ksi at 300' F. These properties are acceptable for 
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the applications necessary on the excavation 

vehicle (12,13) 

5.3.3 SPADE. The specific design of the spade was dictated 

by its operation, the material chosen for the 

blades, the force on the blades, and their controls. 

Itts operation was defined knowing the necessary 

functions the machine must fulfill. 

The placement and operation of the boom and 

spade will be such that the tips of the blades in 

the spade will be set into the ground together, so 

that the axis of the spade is perpendicular to the 

slope of the soil. This requires that the spade and 

boom have a great deal of flexibility, justifying 

the need for 360 of horizontal swivel at the base of 

the boom, vertical swivel at the first joint, 180 of 

axial swivel just before the last joint, and one 

last joint with vertical swivel (figure 9f) The 

three vertically moving joints in the boom will be 

actuated with the afore-mentioned power screws, and 

the axial swivel in the last joint will be 

accomplished with a small motor mounted on the boom. 

The actual design of the spade and it's blades 

began after the materials were chosen. The force on 

the blades was calculated to be 625 N [APPENDIX 51, 

and subsequentlythe necessary size of the blade 

will penetrate 48.92 cm. into the soil . Thickness 

was found to be a maximum of 6.35 cm. [APPENDIX 

L 
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12,131. The guide rod size was calculated to be 5.0 

cm. A cycle time of 48 

seconds was developed [APPENDIX 151, with the 

controls flow diagram in appendix 16. 

in diameter in appendix 14. 

5.3.4 BOOM. A lattice truss will be the structure 

providing the movement and support of the spade 

doing the actual digging. Two beams will guide one 

spade apiece, each having a capacity of .25 m . The 

arm/boom design had to encompass the requirements 

that it has a reach of 10 meters [APPENDIX 21, a 

support capacity of 2200 N [APPENDIX 81, and be as 

light as possible. Using the material chosen 

previously and the calculations in appendix 17, 

lattice design with hollow tube sections in figure 9 

was agreed upon. 

The joint allowing flexibility between the 

boom and the arm will be solid aluminum to provide 

the maximum amount of strength. The lattice 

structure will be the support between the joints 

which will be actuated by the power screws. 

I .  

i C  

. 
4 

5.4 DESIGN DETAILING FOR HINER 

5.4.1 Introduction. The final design of the miner involves 

the best parts of each of the proposed ideas. The 

miner collects soil by pulling a collecting blade 

through the soil with a one meter diameter front 

wheel. The front wheel is 2 meters wide and has 15 
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centimeter blades that penetrate down into the soil. 

With the blade on the wheel and the collection blade 

both down in the soil there are equal and opposite 

forces set up. The depth of the collection blade is 

variable so that the most efficient speed is 

maintained during operation. Power screws are used 

to adjust the collection blade depth. As soil is 

forced up the collection blade, it reaches a 

conveyor which carries the soil to a hopper. The 

power required to operate the conveyor is dependent 

on the depth of the collection and the amount of 

soil it has to carry. 

5.4.2 CONVEYOR. The conveyor, shown in figure 10, is the 

same width as the collection blade and carries soil 

up into a hopper. A wire and fabric mesh belt is 

used. The wire is a titanium alloy (TI- )that is 

very hard so that it will resist wear due to the 

abrasiveness of the soil and rocks that are scraped 

up. Rollers under the belt have sealed bearings to 

keep out dust. Mark's Handbook recommended MoSZ as 

a lubricant. A 25 degree slope is used to make the 

vehicle shorter and more compact. The required 

power for the conveyor is dependent on the amount of 

soil to be carried [see appendix 181. 

5.4.3 POWER SYSTEMS. The power system consists of two 
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electric motors. For each wheel there is a separate 

motor coupled to a planetary spur gear reduction. 

The motors are to be permanent magnet, series wound, 

brushless, DC motors. This design was chosen after 

carefully examining the drive motors that were used 

on the Lunar Roving Vehicle. The LRV drive motors 

were of the brush type and it was necessary to seal 

these motors in a nitrogen environment. The 

brushless motor that we have chosen was the 

alternate design for the LRV drive system. This 

motor was designed by General Electric Co. and was 

intended to operate in the vacuum of the lunar 

environment(l4,15). The capability of operating in 

a vacuum simplifies the design by not requiring a 

sealed cover for the motor. The characteristics 

sought in the design of the mining vehicle's drive 

motors are; variable torque, variable speed, light 

weight, high efficiency, and high torque. 

The main drive motor is mounted to the front 

wheel. This motor is a 5 horsepower brushless DC 

motor which is coupled to a gear reduction in order 

to achieve a ground speed of .733 m/sec. There is a 

secondary drive motor mounted to the rear wheel with 

the same configuration as that on the front wheel. 

The rear motor is 3 horsepower and also of the 

brushless DC type. The horsepower, torque and speed 

requirements will be examined in appendix 19. 
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5.4.4 ENGAGEMENT OF COLLECTION BLADE. The collection blade 

will be positioned at a set 25 degree angle with the 

horizontal. The blade will be mounted in a set of 

tracks which will allow the blade to move along the 

25 degree line of action yet maintaining adequate 

rigidity. The depth of the blade in the soil will 

be infinitely adjustable between 0 and 15 

centimeters, the maximum depth of the wheel blades. 

This depth adjustment will be achieved by the use of 

two electromechanical linear actuators. These 

devices consist of a small electric motor which is 

coupled to a power screw by way of a spur gear 

reduction. This type of actuator is made by the 

Warner Brake and Clutch Co.. These devices offer 

many advantages over the typical power screw 

arrangement. The actuator has an overload 

protection device, is completely sealed and will 

hold a load when power is not supplied to the motor. 

However, for lunar operation there should be several 

improvements over the design for actuators used on 

Earth. The unit needs to be dry lubricated and 

should be designed to operate in the temperature 

extremes experienced in the lunar environment. The 

motors which operate the actuators should also be 

designed similar to the main drive motors of the 

vehicle. The actuator and collection blade 

configuration is shown in figures 11 and 12. 
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5.4.5 Digging Control. The soil collection rate is a 

function of both the depth of the force feed blade 

and the speed of the vehicle. As the vehicle begins 

to move forward, the force feed blade is lowered 

some depth into the soil. The wheels now have a 

resisting force to work against in breaking off 

soil. The soil is forced up the collection blade, 

not by conventional traction forces but rather by 

the front wheel blades themselves. In other words, 

the force to push soil up the collection blade is 

transmitted from the wheel blade, through the frame, 

and to the collection blade, much like the action of 

a clamshell. 

To avoid burying of the front digging wheel, 

its angular velocity is continuously compared to the 

velocity of a free rolling, speed indication wheel. 

As the velocity difference between the two wheels 

increases, the force feed blade is retracted to 

increase the absolute speed of the vehicle and 

decrease digging rate. This trade off between 

digging and forward progression is continuously 

modulated by microprocessor to provide efficient 

operation. 

The capability of the rear wheel to drive 

independent of the front wheel, will provide further 

control of the digging versus driving ratio. It 

will allow a greater percentage of front wheel power 
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to be used for feeding the collection blade and less 

for pure translation of the vehicle. 

5.4.6 Wheels. There are two wheels on our group's proposed 

lunar soil excavator. The front wheel is two meters 

wide and the rear wheel is one meter wide. Both 

wheels are 70 cm. in diameter and are constructed of 

one cm. thick titanium alloy previously mentioned. 

The dimensions of the front wheel was arrived at 

using our soil collection rate estimates (see 

Appendix 20). The rear wheel is used for steering 

and was designed more narrow than the front wheel to 

minimize the required steering torque. The ends of 

the wheels are sealed with the same titanium alloy 

and have hubs bolted on each end to interface with 

the drive system. 

5.4.7 Wheel Blades. The blades of our proposed lunar soil 

excavator are one of the most important components 

because they provide the traction force necessary to 

overcome the force required to pull the collector 

blade through the soil. The length of the blades 

and the space between each blade are the two 

critical parameters with which our group was 

concerned. The dimensions we decided upon were 

arrived at using both analytical and experimental 

methods. Mr. Hettiaratch's sub-surface cutting 

blade analysis, as previously described, provided us 

with a method to calculate the maximum force 
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possible on each blade. This force is directly 

related to the length and width of the blade. Other 

considerations concerning the length of the blade 

are the vehicles tendency to roll on top of the soil 

and the increase in stress at the base of the blade 

as the length is increased. We decided on a blade 

length of 15 cm. Experimental methods provided us 

with a way to decide on the spacing of the blades 

around the circumference of the wheel. 

Our group constructed a small model which we 

used to help us decide what dimensions to use for 

the blades. We based our decision for the blade 

spacing on experimentation with the model in sand 

and physical intuition. If the blades are to close 

together, each blade would not have much soil to 

work against which might cause the wheels to dig 

down in the soil rather than walk along the surface. 

If the blades are to far apart, the motion of the 

vehicle will tend to be more choppy. We decided on 

twelve blades evenly spaced around the wheel which 

is a blade spacing of 18.3 cm.. Figure 13a shows 

the blade length and spacing for one of the wheels. 

The stress on each blade was an important 

parameter in the design of the length and thickness 

of the blade. The titanium alloy has a tensile 

yield stress of 6.62 x 10*8 Pascals at 150 degrees 

Celsius. The stress calculations for the blades, 
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found in Appendix 21, are based on the worst case of 

a blade (15 cm. by 2 m.) that has just entered the 

soil with a large rake angle. This force acts on 

the blade 2/3 of the way down it's length shown 

in figure 1, so the blade may be treated as a 

cantilever beam with a moment arm of 10 cm.. We 

decided on a blade thickness of 1 cm. which yields a 

factor of safety of 150. The high factor of safety 

is to account for impact loads created by hitting 

rocks. In addition to the high factor of safety, 

each blade will be reinforced by five ribs, each 1 

cm. thick, as shown in figure 14, for additional 

protection from impact loads. 

as 

The base of the blades will be attached to the 

wheel with 16 long hex head bolts(M14xl.5 by 3 cm.). 

Nuts will welded to the inside of the wheel to allow 

for the blades to be replaced quickly and easily 

serviceable from the outside. The base of the 

blades must be curved to agree with the curvature of 

the wheel (see figure 13b). Our group decided each 

blade requires 16 bolts based on the stress 

calculations in Appendix 22. These calculations use 

a worst-case condition in which the blades are not 

tight against the wheel to provide a factor of 

safety in shear stress. The factor of safety of 441 

associated with the tensile stress accounts for the 

impact loads involved in hitting rocks. All the 
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calculations assumed the worst-case condition in 

which a blade has just entered the soil (see the 

power calculations in appendix 23). These bolts 

will be in 8 groups of 2 which are spaced 6 to 

the left and right of each re-inforcement rib. The 

bolts are in groups of 2 so the stress involved in 

rotating the wheels opposite their normal motion 

will not cause a failure. 

cm. 

5.4.8 Steering Hechanism. Steering is controlled by 

rotation of the rear wheel about a vertical axis. 

The main concerns were: 

- minimizing bearing loads, 
- avoiding interference with the conveyor, 
- and drive motor mounting. 

These goals were addressed by using a rotating 

plate mounted in the horizontal plane through the 

wheel axle (figure 14). The plate is 2 meters in 

diameter and is a mounting surface for the rear 

wheel and bearings, and the rear drive motor and 

reduction unit. The plate rotates on a 2 meter 

inside diameter roller bearing and is driven by a 

worm gear meshing with its toothed outside diameter. 

The large diameter of the bearing surface provides 

excellent counteracting forces during driving of the 

rear wheel. The moment arm from the wheel blade to 
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the axle is approximately .5 meters whereas the 

moment arm across the supporting bearing is 2 

meters. Also, the moment arm for the worm gear is 1 

meter which will provide good leverage for steering 

(see complete CAD drawings in figures 15/16, and 

17). 

5.4.9 Power Requirements. As mentioned in the soil 

mechanics section of this report, a chart solution 

was used to evaluate the forces of soil/blade 

interaction. Pulling one of the 12 blades on the 

wheel horizontally through the soil, instead of in a 

curved path, represents a worst case situation in 

terms of resistance forces. This scenario was used 

to provide a factor of safety and because of its 

direct correlation with the assumed blade motion on 

the chart solution. 

As shown in figure 13a, there are three blades 

in contact with the soil at any given moment. To 

account for the forces on the vertical blade as well 

as the two partially submerged blades, separate 

equations were used for each. Blades 1 and 2 were 

analyzed directly by the chart solution (Figure 3). 

The length of the submerged portion of blades 1 and 

3 can be obtained by the following equation: 

Lsub L + R(COSA - 1) 
c 
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where: LSub = Submerged blade length 

L = Actual blade length 

R = Radius of wheel cylinder 

A = Angle between adjacent blades 

Blade 3 is working against soil that has 

already been failed by the blades ahead of it. 

Therefore, the breakout force determined by the 

chart method was not used. Instead, the important 

forces are the weight of the collected soil moving 

up the stationary blade and t h e  frictional force of 

that soil. The maximum expected soil volume (on the 

blade) was calculated by multiplying the surface 

area of the stationary blade by twice its cutting 

depth (the cut depth was doubled to account for 

piling up of soil on the blade). This volume 

multiplied by the soil density and then by lunar 

gravity yields the weight of the soil on the 

stationary blade. The frictional force along the 

blade is the product of the normal component of the 

weight and the coefficient of friction for a 

sand/metal interface. The frictional force was 

added to the tangential component of the weight to 

obtain the force on blade 3. The torque on this 

blade is the product of the total force and the 

moment arm which is equal to R + 2L/3. 
Finally the three torque values were combined 
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to yield the total torque on the front wheel. 

Having determined a static torque value, we 

calculated power requirements by multiplying the 

torque by the angular velocity of the wheel(APPEND1X 

23). Again a factor of safety is results by 

assuming that torque is constant at this maximum 

value. In actuality, each blade is only sweeping 

out a portion of the failure surface shown in the 

figure 13b, because the blade ahead of a given blade 

has swept away part of soil surface. 

The actual amount that an individual blade must 

remove is dependant on the depth of the fixed 

resistance/collection blade. If the fixed blade is 

completely removed from the soil then there will be 

no resisting force and each blade should enter and 

leave the soil without significant slippage or 

cutting of the soil. In this case the vehicle is 

driving, not digging. As the fixed blade is 

lowered, more resistance is generated and the blades 

begin to cut soil as the force to break the soil 

becomes less than the force to move the vehicle 

forward. However, all power calculations assume 

that the vehicle is fixed relative to the ground and 

thus a maximum force is needed to turn the wheel. 

All other motions should be accomplished at or below 

this value. 

The calculations for steering power are shown 
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in appendix 24. To determine the power required to 

steer, the blade force is calculated as if the blade 

were being pulled linearly through the soil. Half 

of this force acts on each half of the blade at 2/3 

the distance from the steering axis. The torque 

required to turn the wheel is 724 N-m which requires 

912 Watts of power at a maximum steering rotation of 

12 rpm or 1.26 rad/sec. 

c 
c 
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6.1 MINING. The miner has the capability to collect 180 cubic 
meters per hour assuming no slip of the wheels. However, 
tests indicated slipping of the wheels which would 
substantially reduce the amount of soil collected. The 
mining machine's length to width ratio and low center of 
gravity make it very stable. The miner could readily lend 
itself to remote control in which case, stablity is 
essential. Our group built four models which helped 
determine the feasabilty of each proposal and lead to the 
final design. Some consideration was given to the 
interchangabilty of the wheel blades by using bolt on 
blades. 

6.2 DIGGING. The digger works on a 48 second cycle. Ideally, 
with both .25 cubic meter buckets in full operation, 30 
cubic meters of soil can be moved per hour. This system 
can be expanded to operate by remote control. 
Subsequently, preparation of the lunar site will be 
possible prior to a manned landing. 

7. RECOMMENDATIONS. 

Group 4 recommends that more testing of blade-soil 
interactions be done to accurately determine the forces on 
the blades. A more detailed study of how rocks affect the 
performance of the machines is necessary. The factors of 
safety are very high for the machines and could be 
compromised for lighter weight. Each component of the 
mechnisms should be further analyzed to use the lightest 
materials possible, including lighter weight electric 
motors. A separately driven hopper should be considered 
for the mining system. An ideal vehicle for the lunar 
surface should be designed to accomadate the digging spade 
design, as it can be translated to many different vehicle 
designs. 

I ,  
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E l O n g P t i o h  

p m m t .  ~ M i n l  
4 

5 

. Wall -.. ~ ~ , k s i  ~ ~ . k s i  e , (2 inchor4~) .  
(Min) __  Thickness. inches Area. h.2 ( M i n )  _- 

All 56.0 64.0 
All 58.0 66.0 5 

1.500 and Ova Up T ~ N  32 58.0 66.0 

0.050.0.249 
0.250.1.499 

A - 

< 0.008 to to to to to to to to .. 
0.025 0.063 0.1875 4.000 0.015 0.025 1.000 3.000 

Ft,, ksi (Min) 134 134 134 134 130 '130 130 130 130 
Ft ksi(Min) 126 126 126 126 1 20 120 120 120 1 I5 

1 *$in. or 4D). percent (Min) - 6 8 IO I 10 6 8 IO IO 

Condition 
Diameter or Thickness. in. 

*t 

(Normal Purity) (ELI Grade) 
Annealed Annealed 

1 0.008 I 0.025 I 0.063 I 0.1875 0.008 I 0.015 1 0.025 I 1.OOO 

Temperature. F 

FIGURE 3.0315. TYPICAL TENSILE PROPERTIES A T  TEMPERATURES FROM 
- -320 TO 700 F FOR WROUGHT PRODUCTS IN SEVERAL HEAT- 

TREATED CONDITIONS AFTER 10,000 HOURS EXPOSURE 
TIME A T  TEMPERATURE (161 (26) 

AEROSPACE STRUCTURAL YETALS HANDBOOK 

9 - 

AUoy T M A  1 4 V  
Form I Sheet. Strip, and Plate I Sheet, Strip. and PIateb) 

(a) Using specified tensile test specimens. product tested at 4 2 3  F shall maintain a notch/unnotched tensiie 
hati0 of not less than 0.75 (A2). 

TABLE A3.011 I .  AMs SPECIFIED MECHANICAL PROPERTIES FOR SHEET, STRIP, AND PLATE (A2, A3) 

AEROSPACE STRJJCTURAL METALS HANDROOK 
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Figures 
Ohde's graphical method 
Sub-surface blade 
Soil force chart 
Proposal # 1 (digging, rejected) 
Proposal # 1 (mining, rejected) 
Proposal # 2 (mining, rejected) 
Proposal # 2 (mining, rejected) 
Proposal # 3 (mining, accepted) 
a - Boom 
b - Detail of spade 
c - Detail of spade 
d - Detail of spade 
e - Yoke 
f - Assembly 
g - Detail of power screws on arm 
h - Detail of power screws on arm 
i - Detail of power screws on arm 
Conveyor 
Blade actuator 
Collection blade 
a - Side of wheel cutting soil 
b - Detail of blade 
Steering 
Assembly 
Front wheel 
Wheel blade 
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. 17 April, 1986 
Group 4 
Soil Engagement 

PROGRESS REPORT 

Group 4 was divided into 3 subgroups for the initial purpose of 
researching the background needed for design development. One group 
will investigate the present day terrestrial excavation equipment,d 
the seconc? will l m k  into soil aechanics, and the third will researh 
the lunar environment and past mechanization/materials used on the 
moon. 

TERRESTRIAL EXCAVATION - The group contacted numerous Atlanta 
construction firms and should be receiving brochures and 
information within a week. The GT library was searched for 
information, but only outdated material was found. Future plans 
are to contact the Civil Engineering Department to locate any 
professors doing work on new excavation equipment. 

SOIL MECHANICS - Through a recent film and several books, initial 

Information has been attained on the composition, granularity, 
density, and layered nature of the lunar soil. Time, shock waves, 
and hypervelocity impacts are factors responsible for the 
existence and nature of the soil. NASA equations modeling the 
lunar soil have been obtained. Further pursuits are directed 
towards learning about how soil is modeled for designing 
terrestrial excavation equipment. 

c information has been gathered on the nature of the lunar soil. 

LUNAR ENVIRONMENT - Some preliminary designs were proposed for 
later acceptance or dismissal pending developments from research. 
Information was found on soil penetrability and other aspects of 
the lunar surface that will directly affect motion of digging 
apparatus. and 
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1 MAY, 1986 
Group 4 
Soil Engagement 

PROGRESS REPORT 

The entire group went to see Jerry Edwards in the engineering 
department of the USDA Forestry Service to discuss equipment utilized 
by his department. The us of a plow with a certain application as 
moving anchor behind or underneath a continuous miner. We also 
sounded out his opinion on using augurs.or some other kind of anchor, 
which he agreed would be good for mostly stationary types of digging, 
such as covering a lunar shelter. In the next week the group will see 
Jimmy Whitfield about detailed us of plows and their manufacture. The 
preliminary outline was prepared this week. 

CONSTRUCTION EQUIPMENT - This subgroup visited the USDA Forestry 
Station to get pictures of the fire-line plow, and discussed and 

., sketched additional proposed designs. 
v LUNAR ENVIRONMENT - This group arranged the consultations with 

Jerry Edwards and Jimmy Whitfield, and work was done on figures 
for working with lunar soil. Preliminary production figures :e (material/year) were established. 

SOIL MECHANICS - Efforts are now concentrated on application of 
the information we have gained about lunar soil characteristics. A 
visit with C.E. professor, Dr. Sawers, led to clarification of how 
to use his equations and modify them for lunar soil, which is 
cohesionless. He also directed us to some very promising C.E. 
journal articles by Ronald Scott. We also discussed the fire plow 
in cohesionless soil with Jerry Edwards. Calls were made to Paul 
Corcoran (Caterpillar Engineer) and Dean Freitag (LRV Design), 
both of which led to further resources and information which will 
be studied this week. 
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A Record of Icbention is a very Important lecd  docucent, ad proper c u e  In i t s  evly MC! csr.plete rrcDx:uion 
will  save nuc3 time and inconvetiencc i n  the future shor;Id the rnvcction ever become involved i n  o csr.tro\ersy. s'p- 
yz:c Record of Inveation f o m s  cust be prepared for each dis:inct lnvention. Thls Record of 1nven:ion for= was prepared 
to fit P l I  possi3le condr:ions rr.d t h m f o r e  Contuns Wer: isns  which mw not be y p l i c m l e  to ceria: 1nvea:ors. If a 
Wes:ion comot be &%wered, mark It *doe5 not BP3be" *%O" or **none," ctc. 

1. Give nur,e in fg l i  - JOKN ALLES DOE Or JOHN A. DOE, and position. J. ALLEN DOE will not be accepte: by the 
PaLen; Office. 

1. Give complete detalls - name, adCress, uhons md extension. city. rtate. . 
3. Indicate date first cmoloyed. 

4. Give your present address. Thls Is your resldence adclress. 

3. If No. 4 1s a tcmporuy address. give a permanent address where mail C M  be sent and f s rwxtcd  regzCless  of your 
t e m p o r m  location. If No. 4 1s your permanent address, No. 5 may be mvked "Snme ns No. 4:. 
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6. T h e  Question as to whether n.? invention was actualh conceived by one person or by the coc;era: 3:: o f  sevi.31 
persons Is vitally Impoxant to the vallitltJ of the patent. 1nco::ect de:!slons of,sole or ioi:.t i a c n t o r s n i ?  w i l l  res;;!t i n  
an invalid potent. Personal feelincs and lrlendshius m u s t  not izuen:e thc answer to this Question. To  n.ere3 >rests.: 
a problem does not make one UI inventor. He must contribute to the solutlonof the problem to  bc classed as a: Ir.ver,to: 
A mechanic who builds a device under rhe SuDervlsiOn of nn inventor 1s noL a Joint inventor. If there 1s arJ ~ G G C : ,  OUBL? 

ass i sbnce .  

7. A short title briefly describing the 1nVentlOn. For Inst3rxe. "Method aqd AppU3tuS for Pre3;Jir.l: Seg7,exaI Cxbon  
Rinss," *'U;li-duectiital Antecnr," or "Packlng Gland Nrench." 

8. A list 1s desired of ali pertinent material whlch forms the "Disclosure of Invention." thr:eby reiaung t:.e RCc::d of  
1nver.Licn to the disclosue.  Give accurate Drlnt reference numbers, photo numbers. eLc., idettifiir,; skc:c:.*s DY d a z  
ar,C/or scne other refcrencc. 

0. This  Is the date on which the general "idea" was "born". State bricfly circumstances rclstive t o  conception 
exarrple, on 2 Februvy 1945, I saw nccldcnt to John A. Doe while working on ci:culpr saw u.d seed for a guard bs 

appuent.  Immediately made rkctch for a suitable guard and prescnted i t  to James Smuh.  my foreman. Or, tes t  for 
s i fna l  generator was unsucccsslul for several months. On 31 Januvy 1946 made change i n  cucui t  by c3an;;ng ca3acr3 
a n d  locnrion of by-pJSS condcnsor and lnstnlling suitable chokes. 

For 

10. This  daze mw coincide with No. 9. wlll never be eu l ic r ,  but may be latcr. 

11. T h i s  date a l so  may be the rrme BS No. 0 and No. 10. or different from either one, but never earlier than N o .  9. 

12. The disclosure of the mvention m a r  be by orally tellinc somcone of your invention, by showing 8r.d erp1ain:X 
dcscripticns and drawings, or by Ccmonsvatlng thc ogrration of 3 c.od,*I or lull s ca l r  dcvicc. Tlic pcrson(s) 13 *ham 
an invemon Is dircloscd r.w make an excellent wi tncss  if the invention 1s cvcr involved in a controversy und  1; i s  to 
the rr.vtr,tor's 8dVantx t  to see tho l  hlr lnventlon 1s understood. It 1s prcfcrnble to ask the witncss to read J n d  s u n  
tke Cercrit:ion and  dra\rAnCS, ualng the statcment "Dlscloscd to and underblood by my this day d 
19-." Notebook entries should be handled ln l lke mannur. Indicate pcrsonr' porltron, conncction W i t h  ouuide 
com&ctcrd fum. or other perrlnent lnfomotlon. &ate If orrrlly, by rketch or other form. 

1 .  

13. If no model 01 fu l l  S C J l C  deVlceo-a3 = d e ,  ro rtUe. Answers to Nor. 14 to 18 lnclusive rt.oc;lC be n u k e d  
. ' C o l i  not rS;;Y." 

* 14. Ir,dlcate wherr model Or full r c d e  devlce m u  be r t e n  b the event b e  Ul4rney dcr l rer  13 witness its o3eratlon. 
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15. S txe  whether first tests were successful or ur,succcss!;: 2nd bric!b out!ine resu1:s. 

16. Witmsses t o  tests arc irnpon3nt. Idcntifv then so thcy can be located Iatcr I !  ncccsssry. 

17. Tel l  b r re fa  resul ts  of later tes ts ,  and Give data on witr.csees. 
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18. St I t  d e s h b l e  to record cvetul lv  the rcsults of all tes:s a3d 13 preserve such records. A copy of these tes: 
roiukr mqy form a p w  of tbc invention disclosure to rssist the attorney in preparlnt the cnse. 

19. In telnted inventions. much repctltion can be avoided by relcrencc to the previous inrcnrioruss). I !  ar,y. IdenLfy 
such records or reports by title. irivento:, datc. number, ctc.  

20. Xlost lnveations &-e improvements Over eAlSt1nC devrccs. Rcfercnccs to the devices uhich have bcclr. 1n:;:oVed 
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patents. pending oDPlications. articles published in techaical magazines. listing i n  catalogs of t rz le  joana ls .  or a r j  
otfcr  published record of the 1nven:ion. 

21. Thc l a w  provides that after an invention has  b e e n  in ‘‘Public Use” for more than one year i: becarnes 0 ~ 3 2 ~  ::o?ef.) 
and cannot be protected by Letters Patent. The q u o ?  -I of public use Is & debatable one. The  s a r e  is true of ex;ci- 
mental use, and i t  is sometimes difficult to 0 :  - - * 3 ? ~  when crperimzntal use ccascs and public use begLp,s. A s;ate?r.ent 
as t o  the use of your invention with sufficlc;. i(r..a;ls as t o  the circu!3stuiccs will assist in  deLerfr.L!ulg rheUier pusllc 
use exists.  Differentiate. If possible. between LiSe by the Government and comrercial  U6e. 

22. M e r e  details  of the invention havc been relcascd :o a fir% or x t i v ‘ i t y .  it 1s imporcant t o  recoz! the d 3 3  :o c lex ly  
fix the facts of thc release of lnfor=tlon. The f irm nay be under contract wlth a federal agency.  If  so. t h e  cet=a;t 
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( A t t a c h  to R e c o r d  ~ ( I n v c n t r o n  Par t  I )  
REC. OF 
I N V .  NO. This 1)iaclosure of Invention should he w i t i r n  up in the inventor's own worda 

a d  ~ ~ n ~ - ~ l l v  .htvuld fol low the outline yiven below. Sketches, p i n t s ,  photon 
and other i l l i=trst iona an well  sc c*iwrip of any nature in which thr invention 
is r - f m r r !  $0. ;l avsi iabla,  shoiild !om B p-? of :his disclosure and reference 
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